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kirtlandii),	 a	 rare	Neotropical	migratory	 songbird	 that	 breeds	 almost	 exclusively	 in	
the	Lower	Peninsula	of	Michigan	and	winters	in	the	Bahamian	Archipelago,	to	pro‐
jected	 environmental	 changes	 on	 the	 breeding	 and	wintering	 grounds.	We	devel‐
oped	a	population‐level	simulation	model	that	incorporates	the	influence	of	annual	
environmental	 conditions	on	 the	breeding	 and	wintering	 grounds,	 and	parameter‐
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1  | INTRODUC TION
Rapid	 climate	 changes	 are	 occurring	 at	 the	 global	 scale	 (IPCC,	
2013).	 These	 changes	 have	 the	 potential	 to	 dramatically	 alter	
ecological	communities	through	the	 introduction	of	spatially	and	
temporally	novel	abiotic	conditions	and	biotic	interactions	(Blois,	
Zarnetske,	 Fitzpatrick,	 &	 Finnegan,	 2013;	 Gibson‐Reinemer,	
Sheldon,	&	Rahel,	2015).	Species	that	undertake	annual	long‐dis‐
tance	migrations,	 such	 as	 Neotropical	 migratory	 songbirds,	 may	
be	 particularly	 vulnerable	 to	 rapid	 climate	 change	 because	 they	






The	 Upper	 Midwest,	 USA,	 is	 a	 major	 breeding	 region	 for	
Neotropical	migratory	songbirds,	particularly	the	states	of	Michigan,	
Wisconsin,	 and	Minnesota	 (Niemi	 et	 al.,	 2016;	 Thompson,	 Lewis,	
Green,	&	Ewert,	 1993).	 Projection	models	 indicate	 that	 tree	 com‐































males	 today	 (Bocetti,	 Goble,	 &	 Scott,	 2012)	 and	 is	 currently	 pro‐
posed	to	be	delisted	under	the	Endangered	Species	Act.
Kirtland's	Warbler	is	a	habitat	specialist	on	the	breeding	grounds,	










On	 their	 wintering	 grounds,	 Kirtland's	 Warblers	 subsist	 on	
fruiting	 shrubs	 and	 arthropods	 (Wunderle,	Currie,	&	Ewert,	 2007;	
Wunderle	 et	 al.,	 2010),	 with	 abundances	 of	 these	 food	 resources	
positively	 correlated	 with	 precipitation	 (Wunderle	 et	 al.,	 2014).	
Empirical	studies	found	that	premigration	(i.e.,	March)	precipitation	
was	positively	correlated	with	subsequent	fledgling	production	and	
adult	 annual	 survival	 (Rockwell	 et	 al.,	 2012,	 2017).	Wolcott	 et	 al.	







impact	 long‐term	population	viability.	The	 recovery	of	 the	 species	
can	be	attributed	 to	 two	major	management	 initiatives:	 increasing	
recruitment	through	removal	of	Brown‐headed	Cowbirds	(Molothrus 
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extensive	network	of	plantations	 is	 currently	 required	 to	maintain	
large	stands	of	young,	dense	jack	pine	(Bocetti,	1994;	Donner,	Ribic,	
&	Probst,	2009).












In	 a	 previous	 study,	 we	 projected	 the	 influence	 of	 potential	







developed	 a	 population‐level	 simulation	 model	 that	 incorporates	
the	 influence	of	 annual	 environmental	 conditions	on	 the	breeding	
and	wintering	grounds,	and	investigated	effects	of	reduced	breed‐
ing	 grounds	 habitat	 quantity	 and	 quality,	 and	 wintering	 grounds	
habitat	quality,	on	population	viability.	We	did	not	consider	effects	
of	changes	 in	wintering	grounds	habitat	quantity	because	carrying	
capacity	 of	 Kirtland's	 Warblers	 is	 strongly	 associated	 with	 food	




Our	 breeding	 grounds	 study	 area	 consisted	 of	 designated	 essen‐
tial	Kirtland's	Warbler	breeding	habitat	on	 federal	 and	 state	 lands	
in	the	LP	of	Michigan,	USA	(Kirtland's	Warbler	Management	Areas	
[KWMAs];	 Byelich	 et	 al.,	 1985;	 Figure	 2).	 This	 region	 is	 the	 core	
breeding	habitat	for	the	species	and	contains	>95%	of	all	breeding	
individuals	 (U.S.	 Fish	&	Wildlife	 Service,	 2012).	 In	 addition,	 nearly	
all	demographic	data	for	the	Kirtland's	Warbler	has	come	from	this	
region.	 Additional	 currently	 occupied	 breeding	 areas	 (i.e.,	 addi‐
tional	private	lands	in	the	LP,	Upper	Peninsula	of	Michigan	(Probst,	
Donner,	Bocetti,	&	Sjogren,	2003),	Wisconsin	(Anich,	Trick,	Grveles,	
&	Goyette,	 2011),	 and	Ontario	 (Richard,	 2014))	were	not	 included	
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because	 the	majority	 of	 these	 lands	 are	 not	managed	 specifically	
for	 Kirtland's	Warbler	 and	 long‐term	 habitat	 availability	 is	 unpre‐
dictable.	Thus,	our	estimated	available	breeding	habitat	was	slightly	
conservative	with	respect	to	range‐wide	breeding	patch	occupancy,	
but	 realistic	 given	expected	consistent	 long‐term	habitat	 availabil‐
ity.	Our	wintering	grounds	study	area	included	Cat,	Eleuthera,	Long,	
and	San	Salvador	islands,	the	four	Bahamian	islands	with	the	highest	
densities	 of	Kirtland's	Warblers	 based	on	 current	monitoring	data	
(Cooper,	Ewert,	Wunderle,	Helmer,	&	Marra,	2019;	Figure	2).
2.2 | Modeling approach





time	 steps	 (e.g.,	 seasons	within	 years),	 variable	 time	 step	 lengths,	
and	feedback	loops	(e.g.,	Rodenhouse,	1992).	Thus,	it	is	a	natural	fit	



















tering	 grounds,	 and	 spring	 migration	 (Figure	 3).	 Environmental	

















cluded	mean	annual	 survival	 as	 a	 function	of	March	precipitation.	
For	this	model,	baseline	adult	male	annual	survival	was	0.4544	and	
increased	by	0.0395	with	every	1	cm	increase	in	precipitation.	We	
bounded	 maximum	 annual	 survival	 by	 the	 highest	 empirical	 es‐







of	wintering	 and	 breeding	 grounds	 habitat	 quality	 (Appendix	 1).	
Rockwell	 et	 al.	 (2012)	 found	 total	March	 precipitation	 recorded	
at	 the	Nassau	NOAA	weather	 station	was	 a	 strong	 predictor	 of	







1).	 The	 second	 component	 estimated	 productivity	 above	 the	
baseline	with	every	1	cm	increase	in	precipitation	(0.168	[P]).	We	
note	 this	 is	 the	 same	 approach	 used	 in	 Brown	 et	 al.	 (2017),	 but	
the	equations	differ	because	here	we	modeled	hatch‐year	survival	





Annual	 carrying	 capacity	 on	 the	 breeding	 grounds	 is	 dependent	
on	both	quantity	and	quality	of	breeding	habitat.	Habitat	quality,	a	
function	of	 stand	density	and	age,	 influences	density	of	Kirtland's	
Warblers	 (Bocetti,	 1994;	 Probst,	 1986).	 The	 Kirtland's	 Warbler	
Conservation	 Team	 defined	 14,593	 ha	 as	 the	 target	 for	 annual	















We	 incorporated	 environmental	 stochasticity	 in	 breeding	 grounds	
habitat	 quality	 and	wintering	 grounds	 precipitation.	 In	 our	model,	








For	 wintering	 grounds	 precipitation,	 we	 obtained	 total	 March	
precipitation	 recorded	at	 the	Nassau	NOAA	weather	 station	 from	
1994	 to	 2013.	We	 removed	 the	 upper	 10%	 of	 observation	 years	
from	the	data	set	because	they	represented	low‐frequency	extreme	
precipitation	years	(e.g.,	21.02	cm	recorded	in	2001).	We	acknowl‐
edge	 that	 extreme	 precipitation	 years	 likely	 influence	 population	
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habitat	 quality	 improved	 model	 performance	 compared	 to	 only	
considering	 dynamic	 environmental	 conditions	 on	 the	 breeding	
grounds.	For	this	comparison,	we	created	a	breeding	grounds‐only	
model,	 with	 annual	 survival	 and	 fledgling	 production	 represent‐
ing	 the	mean	 estimates	 from	Rockwell	 et	 al.	 (2012)	 and	Rockwell	
et	al.	(2017).	We	then	deterministically	simulated	abundances	from	




sulted	 in	 a	more	 accurate	 reconstruction	of	 historical	 abundances	





































Breeding habitat quantity‐ 
Experimental plantations 
(BQN‐M)
Breeding habitat quality‐ 
Experimental plantations 
(BQL)
Contemporary     
WQL X    
BQN‐C  X   
BQN‐M   X  
BQL    X
WQL	+	BQN‐C X X   
WQL	+	BQN‐M X  X  
WQL	+	BQL X   X
BQN‐C	+	BQL  X  X
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To	 estimate	 potential	 climate	 change	 impacts	 on	 wintering	
grounds	 habitat	 quality,	we	 projected	 proportional	 changes	 in	 av‐
erage	March	precipitation	in	2100	relative	to	baseline	precipitation	
for	the	focal	Bahamian	islands	(Appendix	1).	We	used	an	ensemble	
of	 40	 GCMs,	 with	 mid‐equilibrium	 climate	 sensitivity	 levels	 and	
Representative	 Concentration	 Pathway	 (RCP)	 8.5.	 We	 used	 the	
median	 (−0.055),	 lower	 25th	 percentile	 (−0.331),	 and	 lower	 10th	
percentile	 (−0.558)	 of	 projected	 end‐of‐century	 changes	 in	March	
precipitation	based	on	the	GCM	ensemble.
To	 estimate	 potential	 climate	 change	 impacts	 on	 breeding	
grounds	habitat	quantity,	we	projected	end‐of‐century	suitable	hab‐
itat	 for	 jack	 pine	 occurrence	 in	 the	 LP	 of	Michigan	 based	 on	me‐
dian	end‐of‐century	climate	estimates	from	31	GCMs	and	RCP	8.5	
(Donner	et	al.,	2018).	We	then	determined	the	proportion	of	con‐








resents	 a	 worst‐case	 management	 scenario,	 where	 experimental	
plantations	do	not	provide	habitat	for	Kirtland's	Warblers.	To	esti‐
mate	 potential	management	 change	 impacts	 on	 breeding	 grounds	
habitat	quality,	we	replaced	25%	of	high	suitability	habitat	with	low	
suitability	habitat,	thus	reducing	mean	habitat	suitability.	This	sce‐
nario	 assumes	 that	 experimental	 plantations	 continue	 to	 provide	
habitat	for	Kirtland's	Warblers,	but	habitat	quality	is	reduced.
For	 each	 model	 scenario,	 we	 projected	 the	 population	 for	
100	years	and	completed	1,000	replications.	To	estimate	long‐term	
population	 growth,	 we	 computed	 annual	 growth	 rates	 over	 the	
100‐year	 simulation	 based	 on	mean	 abundance	 at	 each	 time	 step	
(λ	=	Nt+1/Nt).	We	then	calculated	the	geometric	mean	and	95%	con‐
fidence	interval	for	λ	 (based	on	a	t‐distribution;	Stevens,	2009).	To	
estimate	 the	 risk	 of	 extinction	 for	model	 scenarios,	we	 computed	
the	 proportion	 of	 replicates	where	 abundance	 declined	 to	 0	 over	




TA B L E  2   Impacts	of	simulated	independent	and	additive	effects	of	environmental	and	management	changes	on	population	growth	rate	
(λ)	and	abundance	thresholds	for	the	Kirtland's	Warbler	(Setophaga kirtlandii)
Model λ 95% CI N < 1,000 (%) N < 200 (%) N = 0 (%)
Contemporary 1.0022 0.9998–1.0045 4.9 0 0
WQL	(Median) 1.0020 0.9999–1.0042 5.2 0 0
WQL	(25th%) 1.0003 0.9990–1.0016 39.2 0.3 0
WQL	(10th%) 0.9661 0.9647–0.9676 99.7 95.0 5.5
BQN‐C 0.9972 0.9944–1.0000 99.6 0 0
BQN‐M 1.0002 0.9994–1.0010 21.7 0 0
BQL 1.0011 0.9997–1.0025 9.1 0 0
WQL	(Median)	+	BQN‐C 0.9970 0.9941–0.9999 99.7 0 0
WQL	(25th%)	+	BQN‐C 0.9954 0.9915–0.9994 100 2.6 0
WQL	(10th%)	+	BQN‐C 0.9622 0.9584–0.9660 100 98.1 9.9
WQL	(Median)	+	BQN‐M 0.9998 0.9990–1.0007 26.3 0 0
WQL	(25th%)	+	BQN‐M 0.9983 0.9970–0.9997 77.8 0.7 0
WQL	(10th%)	+	BQN‐M 0.9666 0.9649–0.9682 99.9 95.2 6.2
WQL	(Median)	+	BQL 1.0011 0.9997–1.0024 13.0 0 0
WQL	(25th%)	+	BQL 0.9992 0.9982–1.0001 58.1 0.8 0
WQL	(10th%)	+	BQL 0.9631 0.9619–0.9644 99.7 97.3 10.6
WQL	(Median)	+	BQN‐C	+	BQL 0.9958 0.9919–0.9997 100 0.1 0
WQL	(25th%)	+	BQN‐C	+	BQL 0.9942 0.9893–0.9991 100 5.1 0
WQL	(10th%)	+	BQN‐C	+	BQL 0.9569 0.9524–0.9615 100 99.1 17.7










Under	 contemporary	 environmental	 and	 management	 condi‐
tions,	 the	population	was	 stable	over	 the	100‐year	 simulation	pe‐
riod	 (Table	 2),	 with	 a	mean	 annual	 abundance	 of	 ca.	 2,500	males	
(Figure	 5).	 Under	 contemporary	 environmental	 and	 management	
conditions,	 4.9%	 of	 simulations	 resulted	 in	 a	 population	 that	 fell	
below	 the	management	 target	 of	 1,000	males,	 but	 no	 simulations	
fell	below	the	critical	threshold	of	200	males.
For	independent	effects	of	projected	end‐of‐century	changes	in	
March	precipitation,	 the	population	 remained	 stable	with	 the	me‐
dian	and	 lower	25th	percentile	of	projected	changes,	and	declined	
with	 the	10th	percentile	 of	 projected	 changes	 (Table	 2,	 Figure	5).	
For	the	lower	25th	percentile,	the	mean	final	abundance	was	1,920	
males,	 with	 39.2%	 of	 simulations	 falling	 below	 the	 management	
target	 of	 1,000	males	 (Table	 2,	 Figure	 5).	 For	 the	 10th	 percentile	





















in	 a	 potentially	 stable	 population,	 but	 with	 58.1%	 of	 simulations	















our	 previous	 simulation	 study	 (Brown	 et	 al.,	 2017)	 and	 long‐term	
monitoring	data	 (U.S.	Fish	&	Wildlife	Service,	2015).	Based	on	our	
results,	 probability	 of	 long‐term	 persistence	 for	 this	 species	 will	
depend	 on	 how	 wintering	 grounds	 habitat	 quality	 changes	 (i.e.,	






annual	 cycle	dynamics	 into	a	migratory	bird	population	 simulation	
model	 (Hostetler,	 Sillett,	 &	Marra,	 2015).	Many	 studies	 have	 indi‐
cated	that	accounting	for	environmental	conditions	on	the	wintering	
grounds	and	during	migratory	periods	is	important	for	understand‐
ing	 population	 dynamics	 of	 migratory	 birds	 (e.g.,	 Balbontin	 et	 al.,	
2009;	Drake,	Rock,	Quinlan,	Martin,	&	Green,	2014;	Sheehy,	Taylor,	
&	Norris,	 2011).	 For	 example,	 an	 analysis	 of	 long‐term	monitoring	
data	 for	 the	Canada	Warbler	 (Cardellina canadensis)	 indicated	 that	
declining	 trends	were	associated	with	 reduced	 survival	during	 the	
nonbreeding	period	(Wilson	et	al.,	2018),	and	analyses	of	long‐term	
monitoring	 data	 for	 the	 American	 Redstart	 (Setophaga ruticilla) 
showed	that	 temporal	variation	 in	wintering	grounds	habitat	qual‐
ity	was	a	strong	predictor	of	changes	 in	abundance	on	 the	breed‐












cipitation	on	 the	wintering	grounds,	 temperature	 is	 also	projected	
to	increase	(Wolcott	et	al.,	2018).	Even	if	mean	March	precipitation	
remains	constant,	arthropod	and	fruit	availability	will	likely	decrease	
during	 this	 critical	 premigration	period	due	 to	 increased	 tempera‐
ture	stress	and	evapotranspiration	rates	(Bounoua	et	al.,	1999;	Lister	
&	Garcia,	2018).	Thus,	while	 the	median	projected	end‐of‐century	
change	 in	March	precipitation	did	not	 indicate	 the	population	was	
at	risk	of	extinction,	this	should	be	considered	a	conservative	pro‐
jection.	Additional	research	is	needed	to	quantify	how	temperature	
     |  10271BROWN et al.
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and	precipitation	interact	to	influence	food	abundance	for	Kirtland's	
Warbler	(Wunderle	et	al.,	2014).
The	 potential	 future	 scenarios	we	modeled	 in	 this	 study	were	
based	on	the	assumption	that	managers	would	not	be	responsive	to	





The	 purpose	 of	 these	 scenarios	 was	 to	 quantify	 the	 importance	


















habitat	 to	minimize	 the	 risk	of	 the	population	 falling	below	 speci‐
fied	management	 thresholds.	This	 study	 represents	 the	 final	 com‐
ponent	of	a	Kirtland's	Warbler	research	initiative	that	also	included	
assessing	 vulnerability	 to	 management	 changes	 under	 contempo‐
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ANNUAL PRODUC TIVIT Y E S TIMATION
Kirtland's	Warbler	(Setophaga kirtlandii)	is	a	breeding	grounds	habitat	
specialist,	restricted	to	large	stands	of	young,	dense	jack	pine	(Pinus 




duce	 the	 probability	 that	 nests	will	 become	 inundated	with	water	
during	heavy	 rainfall	 events	 (Mayfield,	 1960;	Probst,	 1988).	Males	









To	 estimate	 annual	 variation	 in	 quality	 of	 breeding	 habitat,	 we	
identified	suitable	 jack	pine	stands	using	habitat	management	pro‐
gram	records	 that	 included	stand	year‐of‐origin	and	habitat	 regen‐
eration‐type	 (i.e.,	 clear‐cut	 and	 natural	 regeneration,	 plantation,	





Kirtland's	Warbler	 habitat	 suitability	 based	 on	 stand	 age	 (Donner,	
Ribic,	&	Probst,	 2009,	2010).	However,	 jack	pine	 growth	 rates	 are	
known	to	differ	 latitudinally	and	 longitudinally	due	 to	variations	 in	
temperature,	 precipitation,	 and	 soil	 types	 (e.g.,	 Kashian,	Barnes,	&	
Walker,	 2003).	 Thus,	 we	 translated	 known	 stand	 ages	 across	 the	





To	 allow	 both	 breeding	 grounds	 habitat	 suitability	 and	 winter‐
ing	 grounds	precipitation	 to	 predict	 productivity,	 our	 equation	 in‐
cluded	two	predictive	components.	The	first	component	estimated	
baseline	 productivity	 based	 on	 breeding	 grounds	 habitat	 quality.	
The	 intercept	 of	 this	 equation	 (i.e.,	 1.1114)	 represented	 the	 base‐
line	 number	 of	male	 fledglings	 produced	 per	male	 each	 year.	We	
then	multiplied	 the	 intercept	 by	 the	 pairing	 success	 estimates	 for	
low/moderate	suitability	and	high	suitability	breeding	habitat,	modi‐
fied	to	account	for	polygyny	in	high‐quality	habitat	(Bocetti,	1994;	
Probst	&	Hayes,	 1987;	Rockwell,	 2013).	We	used	0.85	 for	habitat	





























sity	 of	 Kirtland's	 Warblers	 (Bocetti,	 1994;	 Probst,	 1986).	 Huber,	
Kintigh,	 and	 Sjogren	 (2013)	 quantified	 mean	 density	 of	 male	



























WINTERING G ROUNDS CLIMATE CHANG E 
PROJEC TIONS
To	 estimate	 potential	 climate	 change	 impacts	 on	 wintering	
grounds	 habitat	 quality,	 we	 projected	 proportional	 changes	 in	
average	March	precipitation	 in	2100	 relative	 to	baseline	precipi‐
tation	for	the	focal	Bahamian	islands.	The	spatial	data	used	were	
derived	from	the	most	current	General	Circulation	Models	(GCM)	






















F I G U R E  A 1  Mean	density	of	male	Kirtland's	Warblers	
(Setophaga kirtlandii)	on	state	and	federal	Kirtland's	Warbler	
Management	Areas	(KWMA)	in	the	northern	Lower	Peninsula	of	
Michigan,	USA,	between	2001	and	2017.	We	derived	the	2001–
2012	data	from	Huber	et	al.	(2013).	Data	from	2013	to	2017	are	
used	with	permission	from	Philip	Huber	and	Kimberly	Piccolo,	U.S.	
Forest	Service,	Huron‐Manistee	National	Forest
